
CENTER. FOR RADIOPHYSICS AND SPACE RESEARCH

CORNELL II_IVER.SITY

ITHACA, NEW YORK

Apri[ 1963

_TRbCI[RE OF THE MOON'S SURFACE

I'. Gold

W::rk on the constitution of the lunar surface is ca:tied, cur_

at Ccrneil Univer. sity under the National. Aer_._na,atir:s a:_d

Spa<:e Administration Grant NsG ,.,_c-f>_j<-'.

I



STRUCTURE OF THE MOON'S SURFACE

(Paper preaented at the American Geophysical Union, April, 1963)

by

To Gold

Investigations of the moon's surface have led many authors to

c_lude that a structure of high porosity forms the actual surface°

Such Information has come independently from thermal, radio thermal_

rad4r and optical evidence. Some authors have concluded that a

porous material was the consequence of volcanic activity making rock

foama, while other authors had thought in terms of surface vapori=

zation a_d condensation processes, brought about by micrometeorites

{for _ample Sytinska_ in the USSR). Several authors argued that

since the material was so m_ch less dense than rock or sand, there

wa_ no possibility that the principal constituent was a finely di=

vided reck powder° This argument is now seen to be incorrect and,

on the contrary, properties of fine powders seem to fit the cir=

cumstances best.

It is not at all easy to guess about the properties of fine

powders and experimental work is needed to gain an understanding°

Many experiments with rock powders both in vacuum and in gases

have been carried out in our laboratories at Cornell, and you have

heard from Dr. Hapke who is mostly responsible for these, what

extraordinary packing properties fine dust seems to possess. It

has become clear that not only i_ it possible to have flne dust

packed so that it is underdense by a factor between 6 and I0, but



indeed this is qL_ite common for small particles deposited in a

great varie[y _f way_,o The pa,:klng into "fairy castles" results

!t.q_!ver iDdividual parti¢le_; are brough_ co the surface at a IOW

e{]ough 'speed, and when [he part.icles are small enough so that the

::_]ight:adhesi_,e for<es on <':'ntact are enough tO maintain a particle

.i.,.npJac_ ::,nfi?.st conta,:'l:, The act i_,n _:.:-fmicrometeorites on the

m::_n'5 :sut'face will as:,ure just [hat,, Each Jr]coming high speed

mic._me_.._ite_'_....'' will hit.: the surface ana generate a small puff of

ga._o qhis F,uff will eject: a few part:icles at a bigh speed but

many mo_"e particles w11.i be dis[.:::dged aRd.._x"ved a short distance,

The grea.r, majo[.it 5- of partic].es were thu_: I.ast deposited at the

pe_it.iens wh.e_e they are now i.ving from a small jump° In the

case ef [be low luRar ;s:urfa_:e gravity arid :-f the much gzeater- ad_

he._ion that highly .c_._tgas_ed particles may pc_se_s, a mu.ch g_eater

range of jumps will. stir.! re:su[[: i_ a fairy r:as[le structure than

would in most: laboratory experiments, If electrostatic forces

occasional.ly prevent, a particle from settl.ing back on the surface

and a11ow it to be transported further, as I have suggested in

the past, then this will only assist in diminishing the velocity

at impact and therefore enhance the te_Idency to fairy castle

packing o

The moon'5 opti.c:al scattering law is extreme in two respects,

compared with all the very ma_y surface:_ [hat have been testedo

It is e_t_eme for the strength of the backseatter compared with the

sCatl..e_ i_to a_y ether dir_÷__ion, and it i_ e/,t_eme for the accurate
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in.depe_.dence of the scattering function on the angle that the surface

makes to the direction_ of the inci_ming and c:utgoing light (leaving

of toutso the very strong dependence on the angle between those two

•rays). As Dr, Hapke has shown, these properties are matched very

accurately by any fairy castle packing of a powder that is dark

one, ugh to, have the co_'rect albedc and whc:_e particles are suffi _

ciently opaqL1eo Even ihe mcst por_'_l_ rc':ck foams do not go far

enough with regpect to these two e_treme prc_perties; espeeiall.y the

complete indeper_dence on the a,g[e that the surface makes to the

rays of light cannot be a_hieved by a s_J._face _t-ructu._e whose shadow-

casting properties are mimimaf at normal incidence, and for any foam

whose st_rface ccnsists <:f c,pen bubbles, this is indeed the case.

]'he ot_ly ma[..erials thac wcu!.d _ali_{fv the. _ptical reflexion law

other thao. t._.e fairy ca_stie packing wou.ld be materials that are

very fibroc.s (we are tearing out of this discu.ssicn su.rfaces that

require opci.cal perfection, like glass spheres or corner reflectors

since etching by micrometeorices wou]d quickly destroy the surface

properties )o

It is important to emphasize that the optical re:flexion law

app]ies to every part of the moon's surface° There are slight dif-

ferences, such that. the bac.kscatter peak i_s a litt:le more intense

for the ray material than for the maria, but these are comparatively

small, effects only a_d. '_.c_pre_ent!y di,_cernible part of the moon's

surface has scattering properties that approximate those of bare

r'ock. Thu._, if a lava produced underdense surface were proposed,
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it would be necessary to sup!7_ose that it covered every part, not

only the maria but all the highi_nds, inc.iuding the crater rims,

and even the rims of the most re__,:_nt c ra_ers that can be seen.

This would seem implausible anyway_ but, it _ot_.)_ certainly not be

in accord with the widely a_cepted theory that the craters are

mostly due to impact explos_onso An e×plosio_ that leaves a pit

of many kilometers diameter exerts pressures on the material

that are reckonned in _negabars, and the result is invariably

completely compacted material., but torn up into rough shapes by

the turbulence in the explo_Ono No crater on the moon's surface

has optical scattering pro(-,,rties compatible with such a treat-

ment, no matter _,,hat the or_.i_inal structure o._ the rock may have

been. How are these facts to be reconciled?

There seems no possibility but to supp_,s_ that a surface

action has taken place everywhere, which even in the youngest of

the explosion craters has already gone far enough to fluff up a

surface layer to the required underdense structur_. Micro-

meteorites may do this in the _anner discussed above.

This is where the discussion would stand were it not for

the discovery by Pettengill of the intense radar scattering pro-

perty of the crater Tycho. A range and Doppler shift analysis

of the returned signal at 400 Mc/s has enabled Pettengill to

pinpoint reflecting areas even smaller than the crater Tycho,

and to recognize that a very large signal retur[i came in fact

all from the interior of that crater.
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The one respect in which the crater is obviously outstanding

is that is is in the class of Ehe younge_t features that can be

recognized on the moon's surface. The e_Cc_H_sive ray pattern as-

sociated with Tycho is itself an indic:arisen of the youth, for

_ _ .... _ t_rays are always only associated with ......ate_s that are not over-

lapped by any other features° So far as call be judged, the rays

of Tycho are not overlapped by anything else, and the rim of the

crater is extremely neat and sharp compared with almost any other

crater of similar size. For these reaso[_s all authors are agreed

in regarding Tycho as the youngest or one of the youngest craters

of comparable size. In other respects the crater does not seem

extraordinary, and there is no hint that it is different for any

reason other than its youth. The optical properties are similar

to the rest of the moon, but the thermal properties, as was shown

by Shorthill, etal____.l_60,and by Sinton, also s'how a remarkable

anomaly. While the cooling curves obtained for most areas of

the moon are accounted for by a very small value of the thermal

diffusivity, much less than that of any bare rock, the crater

Tycho displays a value which is not far from tha_ of rocks.

The implication of these results is that at the depth relevant

for the radar reflexion and for the thermal properties, the crater

Tycho is much more similar to solid rock than most of the other

surface, but that a very thin layer of urlderdense mmterial exists

there also, thick enough to determine the optical properties but

too thin to determine the thermal or radar properties. For rock
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powders in fairy castle packing, the thickness effective for optical

properties is of the order of a millimeter, for the thermal properties

c_o.e1_ of centimeters, andthat have been investigated it i._.:,of the '

for the radio reflexion properties it_ is of the order of meters.

The huge explosion would have ].eft a hard and rough surface

whose radar scattering and thermal properties would be estimated

to be quite similar to those that are in fact observed; it is all

the other craters that pose a difficulty, for their radar reflexion

is so very much less than would be obtained for explosion pits in

rock and they must therefore be thought of as being much smoother

on the scale of the wavelength ('TO Cmo) so as to scatter little

power into the backward direction and to be composed of a more

radar absorbent material than most solid rocks° It is all other

craters that must therefore have been modified after they were made

and their surfaces must have been smoothed over and made more radar

absorbent. The thermal properties equally must have undergone a

change so as to lower the value of the thermal diffusivity to that

now observed for most of the moon's surface and leave only the

youngest craters with a high value that is more nearly compatible

with solid rock.

If most craters have had a similar history, we have to suppose

that they also had a dense surface initially, which was first covered

by a surface layer of a fluffy material° As time went on they would

have become smoother and more absorbent to radio waves and the fluffy

surface layer would have to grow to greater depths so as to approxi-

mate to the thermal characteristics of the majority of the moon's
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surface. It is very hard to see how a_.y such action could have

come from underneath., for it is not onl.y the smoothness of the

crater :fl_er and it_ thermal diffu_si.JL',::v that is at stake but

also of the crater wails. A mere fiili_g in, as has been dis u

cussed in terms of the lava interpretation would not suffice.

Throughout this process the optical s_-:face layer must have retained

the usual characteristics.

What can be _azd abc,'_:Lthe depr.h _.:,:__llich the surface must

have become m_:dified? Firstly, it m_,_._:_have been modified to a

depth, of centim_te-_:_ t:- account for t:hc thermal properties. Then,

it must have been modified t:o a depth ,J.fmeters in order to

diminish the radar ref_cctivity t:,L:,the: average value of the moon,

which is mu._,h los= th_._n that _f any so l.id rock. Only very specially

chosen material, c:;n_tanr:_ could achieve that in a depth of less

than several, mete:._. Thl,rdly, the tt'eatment must have modified

the surface t¢_ the depth equal to the scale of the znitial rough-

ness, which again irom the radar evidence must have been on the

scale of meters, and from evidence of big explosions, on a scale

more like tens of meter.s. A process c_f erosion, of filling in of

low spots and cf covering c,ver _,_iLh ,]cp_,._i,_ed material seems to

be required where this covering cdn_.._[ be cn a scale of much less

than tens of meters. Seeing that craters are of different ages

and all but the very yeungc_t hav_ been converted into the radar

Smooth. and ab._e_bent condition, it would not be reasonable to think

that the process had only gone just far enough to achieve this in

each one of tb,em. I[ seems more likeiy _hat in most craters the
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depth of the surface treatment would be several times the minimum

required to account for the data.

It is not possible at present to define the mechanical prop-

erties of such a deposit very closely. In a low spot the accumu-

lation, as everywhere else, must always have been underdense on

the surface, but it will no doubt_ be compacted at some depth. If

all material were only gently de_sited on the surface, and no other

forces than gravity were at work, the material would only be com-

pacted by its overlying weight and an extremely crushable structure

would result resembling that of deep dry snow. It could well be,

however, that the action of micrometerorites, as well as other

agencies that are at work, tend to consolidate the underlying layers

to a greater extent while still giving at all stages the very low

density at the surface. A deep deposit, fluffy on top but stronger

from a shallow depth onwards would then result° The amount of such

compaction that would result from micrometeorites depends critically

on the size distribution, which, even if it were known for the

present, is not known for the history of the moon°

Compaction by the agencies that are most common on the earth

would, of course, be absent on the moon. The present discussion

implies that the filler material was always underdense at the top

surface during the filling-in process, and it is, therefore, indeed

a question of finding the most effeative subsequent compaction process;

one could not suppose that the filling-in process generated a dense

material in the first place. With that understanding of the compac-

tion processes, one has therefore to be prepared to find a crushable
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surface material many meters deep.

Since these considerations lead us to rather remarkable con-

clusions, let us examine the assumpLio_:s in more detail. At what

point could the case have been argued differently?

I. The crater Tycho might be int_°insically of a different

kind from all the others. Since its _:ada__ and thermal properties

fit an explosion pit while those of the older craters do not,

this would then imply that only Tycho and perhaps a few other

young craters were caused by impact explosions and all the great

number of older craters were generated in some other way.

2. One might suppose that a volcanic process filled over all

the older craters but that this process was no longer active after

the event of Tycho. In that case, one would need to suppose that

volcanic action caused not only the crater bottoms but also the

rims to be covered with a material of much :lower radar reflectivity

than the bare rock left after the explosions, and that again means

a covering of several meters' depth. Lava flows producing rock

foam might have been considered for the crater bottoms but could

hardly be considered to have made a covering ever all the crater

rims. The optical properties of the surface could not be attributed

to such a volcanic action since they have to be matched by the crater

Tycho which has not suffered any such modification o

3. The erosion and smoothing cou].d be due mainly to larger

impacts generating rubble rather than dust. This is possible, but

a large amount of underdense material would still have to be generated
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so as to account for the thermal properties which allow only a few

percent of the moon's surface to be exposed rubble. At all stages

in the breakup the majority of the _!,urface would have to be covered

with some centimeters of the fluf£>, material.

The generation of the fluffy _urface material has to be thought

of as connected with local processe_ on the surface rather than with

a general blanketing by mic_ometrorites or by volcanic ash or by

all the ray material ejec-ted from all the craters. For in all the

cases of general blao_.eting, no explanation would remain for the

characteristic ¢oi¢r differentiation whereby the high ground is

generally l.ighter than the low ground° The conclusion that all

ought to be the same color because it is the same material can be

avoided if the underdense surface is generated at least in part from

local sEuff rather than from a general blanket°
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